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will also occur when penetration of the outer layer by great numbers of lytic phages is accomplished (Delbrtick, 1940; Carey et al., 1957) . The phage enzyme is believed to be isodynamic with lysozyme (Kohn and Hertman, 1959) .
In the present study, the lysozyme substrate of Escherichia coli and of other gram-negative bacteria was made accessible to the enzyme by freezing and thawing of the bacterial suspension. Such frozen and thawed bacteria could be either lysed or converted into viable spheroplasts by lysozyme (Kohn and Szybalski, 1959) .
MATERIALS AND METHODS
Bacterial strains. The following bacterial strains were used in this study: E. coli strains B, B/r, and C; Shigella dysenteriae; and Salmonella typhosa. Most of the experiments were done with E. coli strain B/r. When not specified, the expression "bacteria" or "cells" refers to this strain.
Media.
(1) Nutrient broth (Difco) supplemented with 0.5 per cent glucose and 0.5 per cent NaCl. (2) Mineral medium composed of 0.1 M Tris buffer, 100 ml; 0.1 M sodium sulfate, 0.16 ml; 0.1 M potassium hydrogen phosphate, 0.64 ml; 1 M, magnesium sulfate, 0.1 ml; 25 per cent sodium chloride, 0.2 ml; 10 per cent glucose, 1 ml; 0.5 M calcium chloride, 0.02 ml; 0.01 M ferric chloride, 0.03 ml; 5 per cent vitamin-free Casamino acids, 1 ml; distilled water to 1000 ml. This medium will be referred to as MTCG. (3) When conversion to spheroplasts was desired, one of the above media was supplemented with 0.3 M sucrose. Testing of the viability of spheroplasts was performed in nutrient agar supplemented with 0.01 M Mg++ and 0.3 M sucrose. Lysozyme (crystalline, Nutritional Biochemical Corporation, Cleveland) was prepared as a water solution (1:30), which was appropriately diluted to give concentrations varying from 0.1 to 300 ,ug per ml. In most experiments the final concentration was 30 ,ug per ml.
Lysozyme action. Bacteria growing exponentially in a 37 C shaker bath were frozen in 697 KOHN matched tubes in a -80 C acetone-Dry Ice bath. Lysozyme was added to such tubes either before freezing or at various intervals after thawing. For production of spheroplasts, sucrose was added to the bacterial suspension about 10 to 15 min before the addition of lysozyme. Lysozyme was added 1 to 2 min before freezing.
The fate of the frozen and thawed cells, with or without lysozyme, was followed by microscopic the measured changes in the optical density (OD) of the suspension at time zero and 20 min later in a manner similar to that described by Peterson and Hartsell (1955) If, e. g., the initial optical density was 0.5, and 20 min after addition of lysozyme it was 0.1, then the per cent lysis (0.5 -0.1) X 100/0.5 = 80 per cent.
Time 20 min was chosen because, at the concentration of lysozyme usually employed, no further lysis after this time was observed. To calculate the extent of lysis due to lysozyme alone, the per cent of lysis due to freezing and thawing alone (control lysis) was subtracted from the value of total lysis; e. g., if per cent control lysis was (0.5 -0.45) X 100/0.5 = 10 per cent, then lysis due to lysozyme alone was taken as 80 -10 = 70 per cent.
Preparation of P32-labeled deoxyribonucleic acid (DNA) from bacterial spheroplasts. E. coli strain B/r was grown in a mineral medium containing The extent of lysis of lysozyme-treated, thawed suspensions depended on several factors:
(a) Time of addition of lysozyme. When lysozyme was added to the bacterial suspension 1 to 20 min before freezing, the suspension cleared very quickly upon thawing (figure 1B). Lysozyme added immediately upon thawing caused a comparable lysis ( figure 1A) . If, however, the addition of lysozyme was delayed, the degree of lysis became progressively smaller. The lysis by lysozyme added a few minutes after thawing was about half of that occurring with lysozyme added Bacteria were grown in the indicated medium to a given optical density, whereupon lysozyme was added and after 1 min the suspension frozen. Starting from the same number of cells in inoculum, the optical density of 0.8 in nutrient broth was reached after 120 min of incubation at 37 C, whereas in mineral medium optical density of 0.5 was reached after 140 min.
* In this experiment E. coli was grown to a turbidity of 0.5, centrifuged, and resuspended to the turbidity indicated in the table before adding lysozyme and freezing. (c) Age of culture. Bacterial cultures treated with lysozyme at different times after inoculation of the medium lysed to the same degree (table 1) . There was, however, an upper limit of turbidity at which the culture began to lose its sensitivity to lysozyme. This limit was at about optical density = 0.7 to 0.8 in broth and at 0.5 in mineral medium. At these turbidities (corresponding to a concentration of about 4 X 108 cells per ml) the rate of growth decreased to about half of the optimal rate attainable in a given medium.
(d) Temperature. When the suspension of bacteria with lysozyme was thawed in ice water, no lysis occurred. When the tubes were transferred to a 37 C bath, however, immediate clearing of the tube containing lysozyme occurred, (figure 4).
(e) Ionic environment. In the presence of citrate, the lysis was more pronounced than in its absence. Magnesium ions depressed the sensitivity of the cells to lysis by lysozyme. Presence of NaCl was necessary for lysis.
(f) Growth medium and the nutritional state of bacteria. Essentially the same type of lysis results in bacteria grown in nutrient broth as in mineral medium (table 1). Bacteria frozen in nutrient medium lose their sensitivity to lysozyme soon after thawing (table 2) . On the other hand, starved bacteria (centrifuged, resuspended in buffered saline, and aerated for 20 min at 37 C), as well as bacteria treated with potassium cyanide (at a bacteriostatic concentration), after a small initial drop in sensitivity remain equally sensitive to lysis by lysozyme at different periods after thawing (figure 5). KCN added to a growing culture, without freezing did not sensitize the cells to lysozyme. The observed lack of recovery of thawed, starved bacteria corresponds to the finding of Zinder and Arndt (1956) In both experiments, E. coli was grown in mineral medium (MTCG) to a turbidity of 0.45 to 0.48. Sucrose was added to give a concentration of 13 per cent and after 15 min at 37 C, 30,g per ml of lysozyme (or saline in control) was added. Two minutes later the aliquots of suspension were frozen or chilled. Immediately upon thawing (or in case of chilling, return to 37 C), 0.1 ml of P32-labeled E. coli DNA (two different batches) was added to 3 ml of suspension and incubated for 20 min at 37 C. DNA associated with bacteria was determined in centrifuged samples. Becker and Hartsell (1954) that trypsin had a synergistic lytic effect on heated E. coli, trypsin was used in the system of frozen and thawed E. coli with and without lysozyme. A thawed suspension of E. coli strain B/r was lysed by 10,ug per ml of trypsin added before freezing or after thawing, whereas control, growing cells were not attacked by this enzyme. The rate of lysis was different from that caused by an equal amount of lysozyme (figure 7).
Both enzymes together had an additive effect. The trypsinized frozen and thawed cells differed from those that were treated by lysozyme in their inability to form spheroplasts in a proper hypertonic solution of sucrose.
Conversion to spheroplasts. E. coli strain B/r was grown to a desired turbidity (2 to 5 X 108/ ml) in nutrient broth or mineral medium figure 8 ). This conversion reached 70 to 98 per cent within 20 min (observation with phase contrast microscope). Usually two spherical bodies were formed from one cell. The formation of spheroplasts was more efficient when the lysozyme was added before freezing than after thawing, and when Mg++ was present in the medium. The viability of spheroplasts formed from frozen and thawed bacteria was examined in a modified medium of Lederberg and St. Clair (1958) (see Materials and Methods). Table 4 indicates that the survival of spheroplasts was about equal to the total survival of bacteria which were frozen and thawed under similar conditions without lysozyme and did not form any spheroplasts. Spheroplasts formed in mineral medium (MTCG) survived better than those formed in nutrient broth. The spheroplasts were quite stable in 0.3 M sucrose and did not lose their morphological integrity even after 24 to 48 hr of storage in the cold. They could also be washed by centrifugation without any significant loss.
Attempts to demonstrate infectivity of phage DNA. Unsuccessful attempts have been made to infect spheroplasts of E. coli strain C, with either bacteriophage q5X174 (Sinsheimer, 1959) or a DNA prepared from this phage. No new phage, above the level of unadsorbed background in the case of whole phages, nor any phage at all in the case of DNA treatment, could be demonstrated when the phage or DNA-infected spheroplasts, after suitable incubation, were plated on agar seeded with sensitive bacteria.
DISCUSSION
The explanation of the phenomena observed when lysozyme or trypsin acted on frozen and thawed gram-negative bacteria is based on the assumption that the lysozyme-sensitive layer in the cell wall of these bacteria is covered by a plastic lipoprotein layer. This layer has to be removed (by trypsin, Versene, Teepol) or damaged (heat, change of pH, serum, freezing) to enable lysozyme to reach its substrate.
As long as bacteria are actively growing and multiplying, addition of lysozyme to them has no visible effect. The lysozyme is adsorbed to bacteria, however, as shown by centrifugation and DNA adsorption experiments. The residual lysozyme remaining on the cell after washing is sufficient to cause its lysis after freezing and thawing. This adsorbed lysozyme is also able to bind DNA, without preventing the enzyme from lysing thawed bacteria to the same degree as in control, DNA-less preparations. Thus, although DNA, in common with other high-molecular acidic substances (Heymann et al., 1959) , such as heparin, Vi antigen, and RNA, forms complexes rendering lysozyme inactive, this is not the case in the system studied here, where lysozyme is added to DNA-treated bacteria, or DNA is added to cells treated with lysozyme.
Freezing of gram-negative bacteria is thought to cause tears in the outer layer of the cell wall, as well as cracks in the inner, rigid wall (the lysozyme substrate). Through these tears or holes, the adsorbed or added lysozyme gains access to its substrate. When the cracked inner wall is dissolved by lysozyme or changed into small molecular components (as was shown to be the case with isolated walls of E. coli treated with phages (Barrington and Kozloff, 1956) ), the lipoprotein layer is no longer supported by a rigid frame, it yields to osmotic pressure and surface tension, forms a sphere, and, if not counteracted by an equal external osmotic pressure, bursts.
The action of trypsin may be explained by its lytic action on the outer layer, when it is slightly damaged by freezing (trypsin does not attack intact, growing cells). This is followed by penetration, through cracks, of the inner layer, and enzymatic digestion of plasma membrane. The removal of the outer layer causes the inner pressure to split the lipopolysaccharide rigid layer and burst the cells. The lack of an outer plastic layer, and of a plasma membrane after trypsinization, would not permit the cell to form a spheroplast even when suspended in sucrose. It has been shown that, shortly after thawing, changes occur in the bacteria which prevent lysozyme from dissolving them. These changes have a dual character. There is first a very rapid loss of sensitivity to lysozyme within the first few minutes after thawing. This can be attributed to some mechanical process, such as contraction of an expanded outer layer, or to permeability changes in the wall. Next follows a further, much slower acquisition of resistance to lysozyme lysis. This process is completed in about 30 to 60 min, depending upon the medium and the nutritional state of bacteria. Starved bacteria, or bacteria treated with KCN, also show this initial drop in sensitivity to lysozyme immediately after thawing, but then there is no further change; the extent of lysis of such bacteria by lysozyme, added at various times after thawing, remains constant (figure 5). This indicates that at least in the second, metabolic period of recovery of the cells from the freezing and thawing shock, synthetic processes are required to repair the damage sustained during freezing. Because chloramphenicol does not influence this recovery process to any degree, it may be assumed that the metabolic repair does not require protein synthesis.
Since the most actively growing bacteria are the most sensitive to freezing and thawing and lysis by lysozyme, whereas stationary phase ones are refractory, one might attribute their sensitivity to lysis to the internal pressure which is highest in young cells. Bacterial cells undergo changes in pressure and strength of the wall during the division cycle; therefore, at the time of division, when the cells are smallest and least elongated, they would be most refractory to lysis. It has been reported by Lark (1958) that Alcaligenes faecalis is less easily induced to form protoplastlike forms under the influence of penicillin shortly before division, than at any other period during the division cycle. Similar changes in the sensitivity of frozen and thawed synchronized cultures of E. coli have been observed by us and will be reported. zyme was regained within about an hour of inctubation in nutrient broth. At 0 C, however, the sensitivity to lysozyme was retained for a prolonged time. This was also the case with starved or KCN-treated bacteria at 37 C. Frozen and thawed E. coli could also be lysed by trypsin, but the character of this lysis was different from that caused by lysozyme. When freezing was carried out in 0.3 M sucrose, the rapid lysis of bacteria by lysozyme upon thawing was prevented, and the bacterial rods were converted into round, osmotically fragile, spheroplasts. Under suitable conditions these spheroplasts were able to grow into colonies consisting of normal, rodlike bacteria.
